ABSTRACT In this paper, a hybridized power-time splitting-based relaying (HPTSR) protocol for simultaneous wireless information and power transfer (SWIPT) in three-node communication networks is proposed. In particular, the influence of the harvested energy at the relay node, which depends on channel power gain, on the throughput performance of the considered network was studied. To determine the throughput at the destination, an analytical expression for the outage probability of the HPTSR protocol under a delayconstrained transmission mode was developed. We showed that the maximized throughput of the system depends on system parameters. Numerical analysis indicated the practical impact of system parameters, such as the channel-based power splitting (PS) factor, time switching (TS) factor, transmitted power from the source, source transmission rate, and distance between source and relay, on the throughput performance of the proposed HPTSR protocol using amplify-and-forward and decode-and-forward relaying. All analytical results were verified through numerical simulations. Finally, the proposed HPTSR protocol outperformed the time-power switching-based and PS-based relaying protocols presented in the literature with significant SWIPT gain at relatively high signal-to-noise ratios.
I. INTRODUCTION
Wireless energy harvesting by means of radio frequency (RF) has gained significant attention as a favorable solution to prolonging the lifetime of energy-constrained wireless cooperative networks [1] , [2] . RF signals are beneficial to wireless energy harvesting because they can simultaneously deliver energy and information. The evolution of wireless energy transmission leads to power sharing in wireless communication and the idea of a new network called energy harvesting cooperative networks [3] . In cooperative communication networks, cooperative relaying techniques can be adopted and relay node(s) can be positioned between a transmitter and a receiver to mitigate fading and attenuation problems [4] . In energy harvesting cooperative networks, an energy-constrained relay node combines the capabilities of wireless communication and energy harvesting to maintain constant operation and connection without the use of external energy sources. The energy-constrained relay node can then simultaneously harvest energy and process information.
To achieve simultaneous wireless information and power transfer (SWIPT), a practically realizable receiver design with separate information-decoding and energy harvesting receiving circuits was developed in [5] . Under this technique, two main receiver architectures were proposed: power splitting (PS) and time switching (TS) receiver architectures, which are now broadly embraced in the literature [1] , [6] - [9] . Energy harvesting with a PS or TS technique is adopted in cooperative relaying networks. This process helps one or more energy-constrained node(s) in the network to harvest energy from RF signal broadcasts through a powerful node.
Nasir et al. [5] studied the optimal throughput performance of an amplify-and-forward (AF) relaying system with RF energy harvesting and information processing. The researchers proposed a TS-based relaying (TSR) protocol, where the receiver switches in time between the energy harvesting and information processing, and a PS-based relaying (PSR) protocol, where the receiver splits the received signal power into two fractions: one for energy harvesting and another for information processing.
The work in [5] was extended to decode-and-forward (DF) relaying systems in [10] . To enable SWIPT at the relay, Nasir et al. [10] separately considered the TSR and PSR protocols with DF relaying and studied the throughput performances of the considered cooperative network. The exact analytical expression for the system throughput was determined by deriving the ergodic capacity of the DF relaying under the delay-tolerant transmission mode. Simulation results of the work showed that the PSR protocol outperformed the TSR protocol under this transmission mode.
A cooperative network consisting of energy harvestingpowered source and relay and a grid-powered destination was examined in [11] . The energy harvesting power procedure is based on a packet arrival technique. The source and relay were assumed to change their rates and transmission power instantaneously over the additive white Gaussian noise (AWGN) channel. This process maximizes the total amount of information that can be transmitted to the destination. In [12] , a TS cooperative network with downlink wireless energy transfer and uplink wireless information transmission was studied. The authors proposed a harvest-then-cooperate protocol, in which the source and the relay harvest energy from one hybrid access point. An asymptotic analysis of the throughput performance of the proposed protocol at high signal-to-noise ratio (SNR) using a selection-combining technique at the destination node was also provided.
By considering the TSR and PSR protocols, Xiong et al. [13] investigated the optimization problem of SWIPT for the non-regenerative multiple-input multipleoutput orthogonal frequency-division multiplexing (MIMO-OFDM) cooperative relaying system. The study aimed to maximize the end-to-end achievable information transmission rate by assuming perfect channel state information (CSI). Their simulation results showed that the PSR protocol outperformed the TSR protocol in a non-regenerative MIMO-OFDM system with the assumption of perfect CSI. Okandeji et al. [14] investigated the incorporation of SWIPT in cooperative MIMO two-way relay systems, where a fullduplex (FD) AF relay was equipped with multiple antennas. The authors studied the optimal joint design of the receiver PS factor and beamforming vector at the relay node with the assumption of perfect CSI. The research aimed to maximize the achievable sum rate of the SWIPT system. However, the optimization of the transmission power at the source nodes was not considered. The work in [14] was extended in [15] , where the achievable sum rate of a SWIPT system with FD MIMO AF relaying was maximized. In that work, the joint optimization problem of two-way relay beamforming, receiver PS factor, and power transmitted at the sources was formulated.
The SWIPT in cooperative relay networks was studied in [16] . Here, a relay harvests energy from the RF signals broadcasted by a source and then utilizes it to assist in the information transfer from the source to its final destination. In this work, source and relay transmissions use rateless codes that permit the destination to utilize either informationreceiving technique, i.e., energy accumulation (EA) or mutual information accumulation (IA). In this technique, three cooperative relaying protocols were considered, i.e., PS, TS, and ideal protocols. The work aimed to maximize the achievable information rate of each protocol. With the same cooperative relaying protocol, the simulation results showed that the SWIPT with IA-based system outperformed the EA-based system. However, with the same information-receiving technique, the PS protocol outperformed the TS protocol.
In [17] , a PSR-based protocol with a three-node cooperative network that consists of one source, a battery-enabled relay with AF technique, and one destination node was investigated. Unlike previous researchers, the authors considered a direct link transmission between the source and destination and a cooperative link transmission. A maximum-ratio combining (MRC) technique was applied at the destination node. In this work, delay-limited transmission mode was considered in deriving a closed-form expression for the outage probability of the considered network. Simulation results showed that the MRC technique offered better outage performance than did direct link and relay transmission. However, the work in [17] did not consider the capacity level of the battery used.
As reported in [5] , for the PSR protocol, the TS factor remains constant during throughput optimization, whereas PS factor is not considered in the TSR protocol. Thus, optimal throughput based on a single constraint (i.e., time or power) is regarded as the local optimum. To address this challenge, the work in [18] proposed a time-power switching-based relaying (TPSR) protocol that determines the TS and PS factors subject to maximizing the throughput performance. However, the optimal time or power factor is affected by the channel statistics of the CSI. Therefore, this condition results in rapid changes in the received signal strengths over a short transmission time and distances traveled.
To reduce these effects, we propose a hybridized powertime splitting-based relaying (HPTSR) protocol, in which the maximized throughput performance of the system is determined by channel-based PS and TS factors under the delayconstrained transmission mode. Here, the intermediate relay will only cooperate in transmitting the source's information to the destination on the basis of the statistics of the CSI acquired, thereby guaranteeing trade-off gain between the maximum harvested energy and maximum throughput. To the best of our knowledge, no work has considered the design of this type of protocol for cooperative networks in the open literature.
The main contributions of this study are summarized as follows.
• We propose the HPTSR protocol, which can enable RF energy harvesting and information processing at the energy-constrained relay node in three-node communication networks. • We modified the relay receiver architecture of the TPSR protocol as HPTSR protocol by introducing a channelbased power-time splitter into the system on the basis of CSI availability for SWIPT in the cooperative network.
• We also derived an analytical expression for the achievable throughput at the destination by evaluating the outage probability of the HPTSR protocol using AF and DF relaying under the delay-constrained transmission mode.
• For comparison, our numerical results showed that under the delay-constrained transmission mode, the proposed HPTSR protocol outperformed the TPSR and PSR protocols presented in the literature in terms of throughput performance at relatively high SNRs. The rest of this paper is organized as follows. Section II presents the overall three-node system model. Section III shows the HPTSR protocol for SWIPT; this protocol includes energy harvesting and information transmission. Section IV explains the throughput analysis of the AF and DF HPTSR protocols. Section V presents the numerical results of the maximized throughput and demonstrates the effects of the system parameters. Finally, Section VI concludes the paper.
II. SYSTEM MODEL
We consider a three-node communication network for SWIPT with AF and DF relaying, as shown in Fig. 1 . We assume that no direct path exists from the source node S to the destination node D. Thus, S transfers information to D with the assistance of an energy-constrained intermediate relay node R. Each communication node is equipped with a single antenna and R operates in a half-duplex mode. The distance from node i to node j is denoted by d ij , where i, j ∈ {S, R, D}. The quasi-static block-fading channel gain from node i to node j is denoted by h ij and characterized as a flat Rayleigh fading. The channel is assumed to be unvarying over transmission block time T and independent and identically distributed from one block to another. R is assumed to have no implanted power supply; hence, it needs to harvest energy from the RF signals broadcasted by S, which can be accumulated in a rechargeable battery and then used for the information transmission to the destination.
In this work, P r (X ) denotes the probability that an event X happens. ε[.] and |.| denote the expectation and absolute value operations, respectively. 
III. HPTSR PROTOCOL FOR SWIPT
In this section, we propose the HPTSR protocol for the considered communication network, as shown in Fig. 2 . We assume that the CSI is obtained through channel estimation. In principle, S sends a request-to-send message in line with wireless LAN standard IEEE 802.11 [3] . Thus, the full CSI can be estimated. Then, R and D obtain the knowledge of h SR and h RD , respectively.
In Fig. 2 , T represents the transmission block time in which certain information is transmitted from S to D, and it is divided into two time slots of different lengths. The fraction of time used for energy harvesting and information transmission on the S → R link in the first time slot is αT , where α with 0 < α < 1 is the TS factor.
As regards PS, P S represents the source's transmitted power and ρ, which depends on the CSI availability at the relay, represents the PS factor for the HPTSR protocol. The channel-based power-time splitter splits the power of the received signal at the relay into ρ : (1 − ρ) proportion. The portion of the received signal power sent to the information receiver is ρP S , and the remaining received signal power at the energy harvesting receiver is (1 − ρ) P S . In the second time slot, R uses the remaining block time (1 − α) T and the harvested energy during the first time slot for information transmission on the R → D link.
The architecture of the relay receiver for the HPTSR protocol is shown in Fig. 3 . In the following subsection, we analyze the energy harvesting and information processing at the relay node.
A. ENERGY HARVESTING
We consider the system model shown in Fig. 1 . In this model, R harvests energy from signals broadcasted by S. The energy is stored in the rechargeable battery of R during the first time slot and utilized for the transmission of R to D during the second time slot. We examine a pessimistic case in which the channel-based power-time splitter affects the signal power but not the noise power. This feature can provide a low bound for HPTSR networks in practice. We assume that P S is large enough such that the harvested energy from the noise is highly negligible. By considering the architecture of the relay receiver with energy harvesting capacity, as shown in Fig. 3 , the signal received y EH at the input of the energy harvesting receiver in the first time slot is expressed as
where s t represents the normalized transmitted signal from the source, i.e., ε[|s t | 2 ] = 1, and β is the path loss exponent and n SR ∼ CN 0, σ 2 SR is the zero mean total AWGN caused by the receiving antenna at the relay node and by the signal band conversion with variance σ 2 SR , respectively [5] .
Thus, the amount of harvested energy E HPTSR by the relay is given using (1) during energy harvesting time αT by
where η, with 0 < η < 1, is the energy conversion efficiency, which depends on the rectification process and the energy harvesting circuitry.
B. INFORMATION TRANSMISSION 1) AF HPTSR
During the first time slot, the received signal y IR at the input of the information receiver in the HPTSR protocol can be expressed as
If R S is the signal processing rate at the HPTSR receiver, and W is the channel bandwidth, then R S can be expressed similarly to [19] as
Assuming a unit bandwidth (i.e., W = 1Hz) using (4), the channel-based PS factor ρ can be modeled to satisfy the criterion R S = R t , where R t is the targeted data rate. This condition can be given as
where
Therefore, due to the largeness of P S , the channel-based PS factor ρ can be expressed as
The practical interpretation of (6) is that when |h SR | 2 < µ, all power will be available for energy harvesting at the relay and no power will be available for information processing. Hence, the relay has no information to transmit. When ρ = µ |h SR | 2 , the channel power gain is sufficient for energy harvesting and information transfer. Thus, the relay cooperates in forwarding the source's information to the destination after energy harvesting and information processing. Moreover, when ρ = 1, no energy harvesting takes place at the relay; therefore, the relay cannot cooperate because it has no other sources of energy.
After a successful energy harvesting and information processing by the relay, it then amplifies the received signal by an amplification factor ξ defined as
Subsequently, the transmitted signal from R is written as
where P R is the transmitted power from R, which depends on the amount of energy harvested during harvesting time in the HPTSR protocol and d
SR is the power constraint factor which can be acquired by R from the received signal. By using the energy harvested E HPTSR in (2), we expressed the transmitted power from R as
By substituting the value of E HPTSR from (2) into (9), the transmitted power from R becomes
Following (9), the transmission between R and D occurs for the duration of (1 − α) T , as shown in Fig. 2 . Therefore, we can rewrite P R in (10) as
where ψ = ηα(1−ρ)
(1−α) . In the second time slot, the received signal y AF D at D can be expressed as
where n RD ∼ CN 0, σ 2 RD is the zero mean total AWGN at D with variance σ 2 RD . By substituting the value of y IR from (3) into (8), x R is given as
In addition, putting (13) into (12), we have the value of the received signal at D as
Finally, by substituting P R from (11) into (14), y AF D is given by (15) , as shown at the top of the next page.
The end-to-end SNR γ AF D at D for the HPTSR protocol can be calculated from (15) as
By substituting ψ = ηα(1−ρ)
(1−α) into (16), the received end-toend SNR γ AF D at D can be expressed in terms of P S , η, ρ, α, d SR , and d RD as
Specifically, at high SNR, the third term in the denominator of (17) , M , is negligible because of the product of two noise variance terms, i.e., (σ 2 SR σ 2 RD ). Therefore we derive the closed-form expression of γ AF D as
2) DF HPTSR When applying DF relaying at the HPTSR receiver, from (3), the instantaneous SNR of the channel between S and HPTSR information receiver γ DF SR is given as
The HPTSR information receiver decodes the signal from S and then forwards the re-encoded signal to D. Then, the received signal at D is expressed as
where s t is the re-encoded version of s t . From (20) , the instantaneous SNR of the channel between HPTSR information receiver and D, γ DF RD , is written as
By substituting (11) into (21), γ DF RD can be rewritten as
In DF relaying, the end-to-end SNR γ DF D of the path S → R → D is given by
IV. THROUGHPUT ANALYSIS OF HPTSR PROTOCOL
In this section, we analyze the achievable throughput of the proposed HPTSR protocol to gain insights into the performance of the system. We consider the delay-constrained transmission mode, in which the achievable throughput τ HPTSR is obtained by evaluating the outage probability P HPTSR o of the system when the transmitter communicates with a fixed rate R t (bps/Hz) [5] . We assume that the CSI can be acquired by channel estimation.
For the AF HPTSR, the mutual information I SRD between S and D is required and given as
Next, we can develop the outage probability of the network as the probability that I SRD is less than the fixed source transmission rate R t . Consequently, the outage probability P AF o of the system is given by
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where γ T is the threshold SNR for correct data detection at D and can be determined by γ T = 2 2R t − 1 . Therefore the analytical expression for P AF o is written as (26), as shown at the top of this page For simplicity, the outage probability given in (26b) at D of the considered network can be expressed as
, and λ SR and λ RD are the mean of the exponential random variables |h SR | 2 and |h RD | 2 , respectively. K 1 (.) is the first order modified Bessel function of the second kind [20] .
Proof: See Appendix A. Furthermore, by considering the DF HPTSR protocol, the outage probability P DF o of the system is given as
ρ , and
Proof: See Appendix B. The achievable throughput τ HPTSR of the HPTSR protocol operating in the delay-constrained transmission mode at D is given as
corresponds to the outage probability of the two different relaying techniques given in (28) and (29).
When R and D have the knowledge of |h SR | 2 and |h RD | 2 , respectively, the optimal channel-based power-time splitting factors can be determined by solving the following optimization problem:
The maximized throughput at D depends on the choice of α and ρ, which is a function of the channel power gain. However, due to the complexity of τ HPTSR , a closed-form expression of the optimal factors cannot be calculated. Hence, the optimal value of α * and ρ * is numerically obtained on the basis of (6) by extensive simulation in Matlab R2015a. The algorithm for the execution of the proposed HPTSR protocol in the considered cooperative network is obtained from the previous derivations and is presented in Table 1 . SWIPT Gain: This is the ratio between the total power required for protocol I to achieve a certain throughput and the total power required by protocol II to achieve the same throughput.
V. NUMERICAL RESULTS
In this section, we present numerical results to provide insights into the design choice and solution to the throughput optimization problems pertaining to energy harvestingenabled AF and DF relaying schemes in the proposed HPTSR protocol. This process aims to demonstrate and validate the derived analytical expressions. The optimal value of throughput τ HPTSR is numerically evaluated in terms of the optimal values of the channel-based PS factor ρ * and the TS factor α * in the proposed HPTSR protocol. The simulation parameters are set up as follows. The energy conversion efficiencyη = 0.8. for all the simulations. The transmitted power from the source P S = 10 dB, the fixed transmission rate of the source R t = 4 bits/channel use, and the path loss exponent β = 2.7. In this simulations, λ SR and λ RD defined as the mean values of the exponential random variables |h SR | 2 and |h RD | 2 , respectively, are set as λ SR = λ RD = 1. The channel is modeled as a slow Rayleigh fading. The noise variance σ 2 SR at R and noise variance σ 2 RD at D are set to −20 dB. We considered a linear topology, where R is on a straight line between S and D, i.e., d SR = d SD −d RD . The distances d SR and d RD are normalized to unit value. Moreover, the simulation results rely on the expressions for outage probability in (25) and (29a), which are evaluated by obtaining the numerical mean of the calculations over 10 6 random realizations of the Rayleigh fading channels h SR and h RD .
As shown in Fig. 4 , the developed analytical results of the maximized throughput exactly match the simulation results for the optimal values range of 0 < α < 1 and ρ = µ |h SR | 2 , which indicates the accuracy of the developed analytical results of the HPTSR protocol. In Fig. 4 , the throughput performance increases from 0 to 1.72 bits/s/Hz as α increases from 0 to its optimal value of 0.3. when ρ = 0.10., but it starts decreasing as α increases beyond its optimal value. A similar trend is observed for ρ = 0.22, ρ = 0.65, and ρ = 0.82. As shown in Fig. 4 , the maximum throughput of 1.95 bits/s/Hz is obtained at α = 0.2. when ρ = 0.65. From these results, the optimal value of the channel-based PS factor ρ * = 0.65. and the TS factor α * = 0.2. The practical interpretation of these results is that any value of α that is smaller than α * means less time will be expended for energy harvesting and more time for information transfer. Consequently, less energy is scavenged and the achievable throughput at D is great. Conversely, when the value of α is greater than α * , more time is consumed for energy harvesting but less time for information transfer. When the value of ρ is smaller than the value of ρ * , less power is available at the information processing receiver and more power at the energy harvesting receiver. Increasing the value of ρ more than the value of ρ * may not be beneficial to the system because less power is harvested at the relay and more power will be wasted during information processing. The relay has limited power for transmission; hence, weak signal strength is observed, which results in less achievable throughput at the destination.
In Fig. 5 , we set the optimal parameters of the PSR for ρ = 0.63, as derived in [5] ; the TPSR for ρ = 0.7, α = 0.3. as derived in [18] , and HPTSR for ρ * = 0.65, α * = 0.2. as previously illustrated. As observed in Fig. 5 , when transmitted power from the source increases, the throughput performances of all the protocols increase until they reach their optimal values. At all transmitted powers, the proposed AF HPTSR-based receiver outperforms the AF TPSR-based and AF PSR-based receivers. The reason is that the design of the proposed HPTSR protocol mitigates the effect of the outage that can be due to deep fading channel on the considered network as explained in the practical interpretation of (6) , and this event results in increased achievable throughput at the destination. Moreover, the proposed DF HPTSR-based receiver shows superiority over the AF HPTSR-based, TPSRbased, and PSR-based receivers at all transmitted powers. HPTSR protocol can offer a trade-off between a reasonable transmitted power cost and throughput performance; hence, it can be implemented in practice, where an average reasonable transmitted power is required for transmitting signals over a distance. Fig. 6 shows the results of the optimal throughput performance for the AF PSR-based, AF TPSR-based, and the proposed AF-and DF HTPSR-based receivers in the delay-constrained transmission mode with P S = 10 dB for various values of the source transmission rate R t . The optimal throughput increases as the source transmission rate R t increases to a particular value R t = 4 bit/channel use for all AF enabled receivers and R t = 5 bit/channel use for the DF HPTSR-based receiver but later starts decreasing for a large value of the source transmission rate R t . This situation happens because the throughput depends on the source transmission rate R t , as shown in (30). The AF HPTSR-based receiver outperforms the AF PSR-based and AF TPSR-based receivers at all transmission rate R t , whereas the DF HPTSR-based receiver gives a significant performance gain in comparison to the AF HPTSR-based, AF PSRbased, and AF TPSR-based receivers at high rates R t . However, for large values of transmission rates R t , the receivers fail to correctly detect a large amount of data within a limited time. Therefore, the outage probability P HPTSR o increases and results in a decrease in the throughput performance of the system.
The effect of the relay location for the HPTSR-based (i.e., AF and DF), AF TPSR-based, and AF PSR-based receivers on the throughput performance for various values of the source to relay distance d SR is depicted in Fig. 7 . The throughput performance dramatically decreases as d SR increases. This result is due to the fact that by increasing d SR , the energy harvested E HPTSR in (2) and the strength of the received signal at the relay y IR in (3) decrease due to the large path loss d β SR that suffered. Therefore, the received signal strengths at the destination node defined in (15) and (20), for AF HPTSRbased and DF HPTSR-based receivers, respectively, are weak and the throughput thus decreases. Moreover, the optimal relay location for all the protocols is near the source.
The performance of the AF HPTSR-based receiver coincides with the performance of the TPSR-based receiver at low d SR , but it outperforms the TPSR-based receiver at large d SR . This result is due to the fact that AF HPTSR-based receiver has better knowledge of the channel at larger d SR compared with the AF TPSR-based receiver. Moreover, the DF HPTSRbased receiver shows its superiority over all other receivers at all locations.
The impact of the noise variance on the throughput performance of the HPTSR-based, the TPSR-based, and the PSR-based protocols is shown in Fig. 8 . The throughput performance of the proposed HPTSR-based protocol (AF or DF) outperforms the TPSR-based and PSR-based protocols at all noise variances. By contrast, a large outage occurs at high noise variances, thereby leading to a dramatic decrease in the throughput performance of the systems. As the value of energy conversion efficiency η increases, the throughput performance of all the protocols increases. The DF-based receiver shows a remarkable performance over the AF HPTSR-based, AF TPSR-based, and AF PSR-based receivers at all values of energy conversion efficiency η. For small values of energy conversion efficiency η, the throughput performance of the AF HPTSR-based and AF TPSRbased receivers coincides. However, as the value of energy conversion efficiency η increases to a high value, the AF HPTSR-based receiver outperforms the AF TPSR-based and the AF PSR-based receivers.
VI. CONCLUSION
This study proposes the HPTSR protocol and a design of the relay receiver architecture for SWIPT in cooperative networks. We consider AF and DF relaying, where the energy-constrained relay node harvests energy from the received RF signal and the relay stores the harvested energy and then uses the energy to forward the source's information to the destination. Furthermore, the analytical expression for the outage probability of the HPTSR protocol operating in the delay-constrained transmission mode is derived. The optimal values of the channel-based PS and TS factors in the HPTSR protocol are numerically investigated on the basis of the derived expressions to maximize the throughput of the system. At high SNR, the HPTSR protocol outperforms the PSR and TPSR protocols with a significant gain in terms of throughput.
APPENDIX

A. AF RELAYING
In this appendix, we derive the P AF o , in (28) at the destination node for the AF HPTSR protocol following (27). The |h SR | 2 and |h RD | 2 are two independent random variables. Moreover, it is clearly observed that the factor y |h SR | 2 − z = 0, and can be confirmed numerically. Thence, P AF o can be written as
The second equality in (32) is obtained due to the fact that if |h SR | 2 < z y , the value of y |h SR | 2 − z will be a negative number and probability of |h RD | 2 being greater than some negative number is always equal to 1. Also, following (32) P AF O is expressed as
where v is the integration variable,
λ SR is the probability density function (PDF) of exponential distribution random variable |h SR | 2 , and λ SR is the mean of the exponential random variable |h SR | 2 . Also, 
we can express P AF o as
We define a new integration variable δ = yv − z. Hence, the expression of outage probability P AF o is given by [21] 
Lastly, to obtain (28), we use (3.324.1) given in [21] .
B. DF RELAYING
Now, we derive P DF o in (29b). From (29a),
The first term Q 1 can be calculated as
By using the exponential distribution function, Q 1 can be evaluated as
where a = 
Substituting for ρ in the second term of the right-hand side, we have (40), as shown at the top of this page.
Let
then Q 2 can be expressed as
We can write the PDF of Q 3 as f Q 3 (Q 3 ) = 1 P S e − Q 3 +γ T P S , which yields
Lastly, we obtain Q 2 from [21] as
Therefore, we can write P DF o = Q 1 + Q 2 .
